ABSTRACT
INTRODUCTION

23
The analysis of DNA microarray data has been very useful for experimental molecular biology, as it b i j = π j + β i where π j is the j th base column value and β i is the shifting factor to the i th row. A bicluster B = (I, J) 46 displays a scaling pattern if the elements of the bicluster satisfy the condition: for a different subset of conditions. This behavioral pattern might have a biological meaning, and as far 98 as we know it has not been considered in other functions. Another important characteristic of VF is the 99 simplicity of its calculation, which only requires O(|I||J|).
100
Besides, we designed a biclustering genetic algorithm (BGA VF) to evaluate the biological significance 101 of the identified biclusters when using VF. BGA VF looks for the best bicluster according to the VF 102 measure, given a range of desired gene number and conditions. The algorithm was tested with three real 103 datasets: 1) Gasch's Yeast dataset (Gasch et al., 2000) , 2) Leukemia dataset (Golub et al., 1999 ) and 3)
104
Steminal dataset (Boyer et al., 2006) . For all tests, the algorithm obtained high percentages of biclusters 105 with statistical significance.
106
METHODS
107
In this work a new function to evaluate coherence within a bicluster is proposed. This function calculates proposed VF function, we also designed a biclustering genetic algorithm. This algorithm searches for 111 biclusters with a minimum value of the variation function for any given pre-established range of numbers
112
of genes and conditions.
113
The Proposed Variation Function
114
The proposed variation function (VF) takes into account the shifting patterns (additive model) as well as 115 positives and negatives scaled patterns (multiplicative model). In other words, it considers that a set of 116 genes has a similar behavior when despite the lack of identical expression values in the same subset of 117 conditions, they show similar trends of under-and overexpression through such set of conditions. The VF 118 function returns small values when the genes have similar expression levels.
119
Equation 1 shows the proposed variation function VF for a bicluster formed by a subset I of genes 120 and a subset J of conditions. This formula is based on the ratio of change r i j that is calculated by using 
3/17
The minimum possible value returned by the VF function is zero, which results for biclusters with 126 perfect shifting and scaling patterns (see Appendix A). An example of a bicluster with a score VF equal 127 to zero is shown in Fig. 1A . This bicluster has three genes that exhibit perfect shifting and scaling patterns 128 with respect to each other. A small variation in the behavior pattern of some of the genes in the bicluster 129 leads to a VF score greater than zero (Fig. 1B) .
130
The maximum possible score calculated by the VF function for a bicluster is bounded by:
where |I| is the number of genes and |J| is the number of conditions in the bicluster (see Appendix B).
132
Algorithm and complexity
133
Algorithm 1 shows the calculation of the VF function for a bicluster. In the first block (lines 2-11), the condition is selected to be part of the bicluster.
175
The algorithm receives as input a gene expression matrix, a range of the expected number of genes 176 and conditions, and a percentage of minimum quality accepted for the returned biclusters. These required 177 values for the accepted biclusters are considered as hard constraints into the algorithm.
178
To generate the initial population each bicluster is constructed by performing a random selection
179
of genes and conditions from the gene expression matrix. The parent selection process was made by 180 applying binary tournament. In the binary tournament, a bicluster i is preferred to a bicluster j, if i fulfills 181 the established restrictions and j does not, or if both fulfills the restrictions, but i has a lower VF score 182 than j. The single-point crossover operator was used, applying it independently to the section of genes 183 and to the section of conditions. For the mutation, a random position of the binary string is chosen, and its 184 value is changed. Generational replacement with elitism was applied to generate the new population. The 185 algorithm returns the discovered bicluster with the lowest VF score that also complies with the established 186 constraints.
187
RESULTS AND DISCUSSIONS
188
Evaluation of the VF function with synthetic data
189
To evaluate the effectiveness of the VF function to recognize scaling and shifting patterns, six synthetic 
Identified patterns for biclusters obtained on the Yeast dataset 236
Next, we wanted to identify the different types of patterns discovered by the BGA VF algorithm in the 237 yeast dataset. From the 100 generated biclusters by the BGA VF we found biclusters with shifting and 238 positive scaling patterns (Fig. 4A) , shifting, and positive and negative scaling patterns (Fig. 4B) , and 239 interestingly, biclusters with positive and negative scaling subpatterns (i.e., patterns within a bicluster)
240
where also identified (Figs. 4C and 4D ). In the latter case, a bicluster showed one gene with a negative 241 scaling pattern only in the stress condition 126; while the same gen showed a positive scaling pattern 242 for the other conditions (Fig. 4C) . In another case, a bicluster showed one gene with a negative scaling 243 pattern regarding other genes for the 43, 62, and 64 stress conditions, and a positive scaling pattern for the 244 other conditions (Fig. 4D ).
245
Although finding subpatterns was not the goal of the designed function, our results suggest that the 246 VF function can be useful to identifying related genes, in a same biological function or molecular process, 
Evaluation of statistical significance of biclusters obtained from Leukemia and Steminal datasets 251
To evaluate the statistical significance of the biclusters found by the BGA VF on the Leukemia and
252
Steminal datasets, the software g:Profiler (Reimand et al., 2016) with the Bonferroni correction was used.
253
The results found by the BGA VF were compared to results reported for the SMOB method (Fig. 5) of biclusters without overlap, especially for large databases.
272
We conclude that the VF function is effective because it obtains high percentages of significant 273 biclusters and recognizes all combinations of discussed coherent patterns. Also, the VF function is 274 efficient since it requires a small computation effort, which is a very important feature when it is required 275 to process large volumes of expression data.
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281
A bicluster that shows a shifting and/or scaling perfect pattern has a zero value of the VF function.
282
Proof:
We start by proving that for every bicluster of interest (with at least two experimental conditions) whose 285 value VF=0, it follows that:
Given the formula for calculating VF:
r i j − r I j , the only way that VF equals zero is that the double sum is equal to zero, since (|J| − 1) > 0 for any 287 bicluster with at least two experimental conditions. And considering that only non-negative values are 288 added, the only way that the double sum is zero is that all the summed values are zero, that is: 289 r i j − r I j = 0, ∀i ∈ I, ∀ j ∈ J/{1}, which implies that: 290 7/17 r i j = r I j , ∀i ∈ I, ∀ j ∈ J/{1}, and by transitivity we have to:
On the other hand, we prove that by applying a scaling factor (either positive or negative) and/or an 292 additive value to all levels of expression of a gene does not change the ratio r i j of that gene.
294
Given the calculation of r i j :
if we apply an arbitrary scaling factor c, and an additive value d also arbitrary, to each expression value of 296 gene i, we have:
where the additive values cancel each other:
taking c as a common factor we have:
we extract c as positive value of the absolute operator, and being a constant value we can extract it from 300 the summation:
, resulting in the original formula for r i j :
. The latter indicates that two i and i genes with perfect scaling patterns and/or additives terms will have 303 the same ratios of change for each experimental condition:
which, as previously proved, is the case when the V F function returns a zero. Therefore, a zero value 305 returned by the V F function corresponds to perfect scaling patterns and/or additives of the behavior of the 306 genes of a bicluster.
Proof:
We start by proving that for any gene i the sum of its ratios of changes is equal to 1:
Given the formula of ratio of change for gene i in the condition j:
, we have to:
= 1, since j and j take the same set of values.
317
On the other hand, by developing the internal summation of the VF formula, we have for gene i:
we take an upper bound:
and, based on its formula (Equation 2), we know that every value r i j is always positive, so:
321 r i j = r i j , ∀i ∈ I, ∀ j ∈ J/{1}, therefore:
previously it was demonstrated that:
then, we have that:
taking this value as the upper bound for all bicluster genes, we have:
therefore, this proves that an upper bound for the VF function is:
r i j − r I j ≤ (|J| − 1)(2 |I| − 2).
327
In addition, it was proved experimentally that this bound is tight, since it was reached for certain biclusters 328 (Fig. 6 ). . An example of a bicluster for which the value of VF function is equal to the upper bound. Each of the 3 genes presents a change in their level of expression for a different condition. This is an example of a bicluster for which the maximum value of the VF function is obtained, which is equal to the upper bound set for that number of genes and conditions.
